. Flexor digitorum profundus (FDP), the sole flexor of the fingertips, is critical for tasks such as grasping. It is a compartmentalized multitendoned muscle with both neural and mechanical links between the fingers. We determined whether voluntary activation (VA), the level of neural drive to muscle, could be measured separately in its four compartments, whether VA differed between the fingers, and whether maximal voluntary contraction (MVC) force and VA changed when the non-test fingers were extended from full flexion to 90°flexion to partially "disengage" the test finger. Transcranial magnetic stimulation (TMS) of the motor cortex was used to measure VA, in a position in which only FDP generated force at the fingertip. Despite differences among the fingers in MVCs, VA for each finger was ϳ92% (n ϭ 8), with no differences between fingers. When the test finger was partially disengaged by extending the other fingers to 90°flexion, performance was more variable both within and between subjects. MVCs decreased significantly by about 25-40% for the four fingers. However, VA was not significantly changed (n ϭ 6) and was similar for the four fingers. In both positions, there were strong linear relationships between the voluntary forces and the superimposed twitch sizes, indicating that the method to measure VA was very reliable. Our results indicate that maximal VA is similar for all four compartments of FDP when force production by the other fingers is unconstrained. When altered mechanical connections between the compartments decrease voluntary force output there is little difference in neural drive.
I N T R O D U C T I O N
Flexor digitorum profundus (FDP) is a compartmental multitendoned muscle. Situated in the forearm, it is the sole flexor of the distal interphalangeal joints (e.g., Sinclair 1972) . It works together with the other extrinsic (flexor digitorum superficialis and extensor digitorum) and intrinsic hand muscles to control the myriad of possible movements of the human hand and fingers, such as for grasping and manipulating objects. Although FDP is a single muscle, its four compartments can be activated relatively autonomously at low force levels to flex each of the four fingertips (e.g., Kilbreath et al. 2002; Reilly and Schieber 2003) . Electromyographic (EMG) and single motor unit recordings from FDP suggest that there are four functionally separate pools of motoneurons innervating the muscle, although the voluntary control of the pools is not completely independent (Garland and Miles 1997; Kilbreath and Gandevia 1994; Kilbreath et al. 2002; Reilly and Schieber 2003) . When individual finger movements are attempted, there is spillover such that unintended flexion of other fingers occurs. The spillover is strongest to neighboring fingers and is stronger between the ulnar fingers than between the radial fingers (Reilly and Hammond 2000; Reilly et al. 2004; Yu et al. 2009; Zatsiorsky et al. 1998 Zatsiorsky et al. , 2000 . The index is the finger that is most commonly used independently (e.g., Ingram et al. 2008) and this seems to be mirrored in its control (Butler et al. 2005 ; van Duinen et al. 2009 ).
In addition to neural interactions, there are mechanical connections and mechanical interactions between the compartments. The compartment of FDP to the middle finger can exert no torque about the distal interphalangeal (DIP) joint when the proximal interphalangeal (PIP) joint is flexed and the neighboring fingers (index and ring) are fully extended (e.g., Gandevia and McCloskey 1976 ; see also Garland and Miles 1997) ; this is termed "disengagement." Incomplete extension of the neighboring fingers around the PIP joint partially disengages the middle finger. The other three fingers can be similarly disengaged to a greater or lesser extent. The unusual anatomy and function of the FDP raise questions about the ability of the nervous system to activate its individual components. For example, voluntary activation may be impaired when the ability of a muscle compartment to produce force is reduced by partial disengagement. In the leg, flexing the knee shortens the biarticular gastrocnemius muscle so that it can produce little plantarflexor torque. During plantarflexion in this condition, voluntary drive to gastrocnemius is reduced (Cresswell et al. 1995) . It has been proposed that voluntary drive to a muscle may be matched to its efficiency in performing the required task in respiratory muscles (Butler and Gandevia 2008; De Troyer et al. 2005 ) and more generally in limb muscles (Butler et al. 2007; Hudson et al. 2009 ).
Voluntary activation (VA) is the level of neural drive to muscle. It is usually measured using the twitch interpolation technique in which a supramaximal electrical stimulus is delivered to the motor nerve during an isometric voluntary contraction (e.g., Belanger and McComas 1981; Herbert and Gandevia 1999; Merton 1954) . The neural drive to muscles increases with increasing contraction force and results in a decrease in the superimposed twitch evoked by the stimulus. During a maximal voluntary contraction (MVC), the superimposed twitch is minimal. Voluntary activation is quantified by comparing the amplitude of the superimposed twitch during the voluntary contraction with the twitch evoked from resting muscle. If there is a twitch during an MVC, VA is incomplete. That is, some motor units are not recruited or not firing fast enough to generate fused contractions.
Recently, VA has been measured using transcranial magnetic stimulation (TMS; e.g., Lee et al. 2008; Sidhu et al. 2009; Todd et al. 2003 Todd et al. , 2004 . To use TMS to determine VA two things must be considered. First, the resting twitch has to be estimated and this is done by extrapolation of the negative linear relationship between voluntary force above 50% MVC and superimposed twitch sizes (see also Fig. 2C ; Todd et al. 2003 Todd et al. , 2004 . Estimation is necessary because corticospinal excitability is lower at rest than that during activity. During rest, a cortical stimulus activates fewer motoneurons and provides a less effective stimulus to the muscle. Second, the muscle of interest needs to be stronger and/or more easily excited by TMS than its antagonists (Sidhu et al. 2009; Todd et al. 2003 Todd et al. , 2004 ) because TMS will activate not only the muscle of interest but also surrounding muscles.
FDP is the ideal muscle in which to measure voluntary activation using TMS because the fingers can be positioned so that only FDP can produce force at the fingertip. When the fingers are fully flexed at the PIP joint, the other extrinsic muscles do not play a role: the flexor digitorum superficialis cannot exert force at the fingertip because the proximal joint is already fully flexed and the extensor mechanism is functionally disengaged so that active extension is impossible (e.g., Gandevia and McCloskey 1976) . Thus volitional force at the fingertip can be produced only by FDP. Therefore the current study used TMS to determine whether the muscle compartments of FDP could be well activated during flexion of individual fingers, whether there were differences between the fingers, and whether mechanical interference between compartments altered the ability of the nervous system to drive the compartments. We hypothesized that the index finger compartment would be better activated than those of the other fingers and that a reduction in the efficiency of force production through mechanical interactions would decrease activation.
M E T H O D S

Subjects
Eight healthy subjects participated in four experimental sessions after giving written informed consent (four males, four females; ages 26 -54 yr; two left-handed). The procedures were approved by the institutional Human Research Ethics Committee. Four sessions were needed to test each finger separately. The order of sessions was varied. Six subjects performed a second study of four experimental sessions, in which the non-test fingers were positioned in 90°flexion instead of full flexion (three males, three females; ages 26 -48 yr; one lefthanded). Six other subjects attended one experimental session (study 3) in which they performed MVCs with each finger, with the non-test fingers in the two positions (three males, three females; ages 28 -49 yr; one left-handed).
Experimental setup
Subjects sat with the right forearm resting on a table in full supination and the right hand strapped to the table using Velcro. The table itself was tilted into pronation to make the subjects more comfortable. The test finger was wedged with the PIP joint in full flexion (Fig. 1, A and B) . In this position, active extension at the DIP joint is impossible, and activation of flexor digitorum superficialis (FDS) produces no force at the distal phalanx. Sideways movement of the test finger was minimized by stiff plastic slides. A small metal plate attached through a rod to a force transducer (UUM-K10 load cell, Ϯ100 N; Dacell, Seoul, South Korea) was positioned tightly under the fingertip. In each study, force was recorded to a computer through a laboratory interface (CED 1401 and Spike2 software; sampling frequency: 1,000 Hz). For study 1, the other fingers were taped in full flexion and fixed to the table (Fig. 1A) .
For study 2, all fingers but the test finger were positioned with the PIP joints flexed at 90°and taped to metal uprights (Fig. 1B) . This altered position of the non-test fingers assessed the effect of a change of muscle length of adjacent compartments of the FDP on voluntary activation. The protocol to determine stimulus intensity of the transcranial magnetic stimulation and to test voluntary activation was the same for both study 1 and study 2.
In a third series of experiments (study 3), we tested the MVC forces of the four fingers in the two different positions in a single session. The order of the positions and the fingers was varied between subjects. We tested this in a separate session to have the circumstances of the measurements as similar as possible. For these experiments we used Xtran load cells (Xtran K4, range 0 -100 N; Melbourne, Australia).
Transcranial magnetic stimulation
Transcranial magnetic stimulation (TMS) was applied over the vertex using a circular coil (OD: 13.5 cm; Magstim200 stimulator, Magstim, Whitland, Wales, UK) to induce twitches in FDP. The direction of current flow preferentially activated the left motor cortex and thus the right FDP.
In studies 1 and 2, subjects attended four experimental sessions. In each session, one finger was selected as the test finger and the three other fingers were taped into full flexion (study 1) or into 90°flexion (study 2). Subjects initially performed three MVCs separated by intervals of about 1 min with the selected test finger. MVCs required flexion about the DIP joint of the test finger. They were encouraged to push down maximally on the plate under the test fingertip and were not given any instructions about the other fingers. The highest peak value of the MVCs was used to determine the submaximal force levels for subsequent contractions.
To determine stimulus intensity, subjects performed several 10-s contractions at 20% MVC, separated by rests of Ն20 s. TMS was delivered three times during these contractions. On-line, the amplitude of the superimposed twitch evoked in the test finger was plotted. With each contraction, the stimulator output was increased by 5-10% until the superimposed twitch amplitude reached a plateau (Fig. 1C, subject A, open diamonds). The stimulation intensity of the second point in the plateau was generally used for the protocol to determine VA (arrow in Fig. 1C , subject A). However, not every subject showed a distinct plateau during the contractions at 20% MVC (Fig. 1C, subject B, open diamonds). Therefore the same procedure was repeated during contractions at 30% MVC (Fig. 1C , closed diamonds). In subjects who did not show a plateau during the contractions at 20% MVC, the TMS intensity was usually set at 100%.
Protocol for study 1
Subjects performed sets of short maximal and submaximal voluntary contractions in pseudorandom order. Subjects received visual feedback of force so that they could match the target force levels (in % MVC) of 10, 20, 30, 50, 70, and 90 . During each contraction, subjects were stimulated as soon as they reached the target force level. After the TMS, the subjects relaxed and prepared for the next contraction. Each set of contractions consisted of an MVC followed by three submaximal contractions at different force levels and stimulation during rest (Fig. 2, A and B) . Each set was performed three times (with the submaximal levels in a different order) with Ն3 min between sets to prevent fatigue. After these sets, another three sets were performed with an MVC followed by the remaining three submaximal force levels (in varying order). Subjects performed a total of six MVCs and three contractions at each submaximal target force.
Protocol for study 2
The protocol for study 2 was identical to that of study 1. However, the non-test fingers were taped with the PIP joint at 90°flexion, so that the test finger was partially disengaged.
Protocol for study 3
For study 3, subjects attended one session, in which they performed MVCs with the four fingers separately, whereas the other fingers were positioned in full flexion or at 90°flexion. The order of the position of the non-test fingers and the order of the test fingers were varied between subjects. For each finger and position of the non-test fingers, subjects performed three brief MVCs that were separated by Ն30 s. The time between the sets of three contractions with a specific test finger was Ն2 min because the non-test fingers had to be changed into the new position. The time between sets of different fingers was also Ն2 min because of the change in the setup.
Data analysis
Off-line, we determined the voluntary force at time of stimulation and the superimposed twitch amplitude for each contraction. Force was expressed as a percentage of maximal voluntary contraction force (% MVC). This allows for comparison between fingers and between subjects. Twitch amplitude was plotted against the force at the time of stimulation for each finger and the linear regression was calculated. Usually, a linear relationship was seen from 30% to 100% MVC (r Ͼ 0.9). In some subjects lower forces could also be included in the regression line. If the correlation coefficient (r) was Ͻ0.9, the regression was considered not to be reliable and the data were excluded (Hunter et al. 2006 (Hunter et al. , 2008 . Figure 2C shows an example of the twitch amplitude during contraction plotted against the contraction force (both as % MVC) for four fingers of a single subject. Linear extrapolation was used to estimate the resting twitch (arrows; see Fig. 2A of Todd et al. 2004) . Voluntary activation (VA) was calculated by comparing the superimposed twitches (SITs) during the MVCs (i.e., the increment in force evoked in addition to subjects' maximal voluntary effort) to the estimated resting twitch (ERT; force evoked from the resting muscle by a comparable stimulus) using the formula:
Data are reported as means Ϯ SD in the text and as means Ϯ SE in most figures.
Statistical analysis
In one subject, we were unable to fit the little finger into the setup. Another subject did not show a linear relationship with an r Ͼ0.9 between the voluntary forces of the index finger and the SITs, so we were FIG. 1. Schematic of a subject in the setup with the fingers fully flexed (A) and with the non-test fingers at 90°(B) and the recruitment curves of twitch amplitude vs. transcranial magnetic stimulation (TMS) intensity for 2 subjects (C). A: the hand was positioned palm up, with all fingers flexed and strapped to the table. The apparatus carrying the transducer was positioned for each finger. The test finger (in examples A and B, the middle finger) was wedged with the proximal interphalangeal (PIP) joint in full flexion, but the distal interphalangeal (DIP) joint free. In this position, active extension at the DIP joint is impossible. The test finger was prevented from moving sideways by 2 plastic slides. The non-test fingers were taped into full flexion (A) or positioned at 90°(B). Fingertip flexion forces produced by voluntary or evoked contractions of flexor digitorum profundus (FDP) were measured through a plate positioned under the fingertip that was attached to a load cell. C: TMS at increasing intensities was delivered during voluntary contractions of 20 and 30% maximal voluntary contraction (MVC; open and closed diamonds, respectively). The intensity at which twitch size reached a plateau during the 20% MVC contractions was used to determine voluntary activation (arrows). Subject A shows a plateau in twitch size during 20 and 30% MVC contractions: 80% stimulator output was chosen. Subject B approaches a plateau during 30% MVC contractions only. Thus the TMS intensity was set at 100%. not able to estimate a reliable resting twitch size. We replaced their missing values (for VA, ERT, and MVC) by the mean of the group, so that we were able to perform repeated-measures ANOVAs for eight subjects. We used four separate repeated-measures ANOVAs to test the differences between the fingers for the stimulus intensity, ERT size, MVC, and VA. The within-subjects factor was "finger" (four levels). When the assumption of sphericity was violated, the P values were corrected according to an average of Huyhn-Feldt and GreenhouseGeisser (Stevens 2002) . Post hoc analyses (with Bonferroni correction) were performed when the main analysis showed a significant effect (P Ͻ 0.05). We performed another series of ANOVAs for repeated measurements with finger position (two levels: non-test fingers fully flexed or flexed at 90°) and finger (four levels) as within-subjects factors to test the effect of muscle length on voluntary activation (of the six subjects that participated in the first and second series of experiments) and MVC force (for the six subjects of study 3).
C
R E S U L T S
When determining the stimulus intensity, the majority of the subjects (five of eight; study 1) showed a plateau in the sizes of the SITs during the 20% MVC contractions, resulting in stimulus intensities Ͻ100%. The mean stimulus intensities (ϮSD) did not differ among index, middle, ring, and little fingers: 89 Ϯ 11, 88 Ϯ 8, 87 Ϯ 12, and 92 Ϯ 8%, respectively [F (3,21) ϭ 1.34; P ϭ 0.287]. Figure 2A shows an example of SITs during one set of contractions, with an inset of the average SITs during all contraction levels (Fig. 2B) . Figure 2C shows an example of the linear relationships between voluntary force and SITs for the four fingers of another subject. This example shows a subject with relatively low stimulus intensities and strong inverse linear relationships between force and SITs for contractions between 10 or 20% MVC and 100% MVC (r Ͼ0.9); most subjects showed this relationship only between 30% and 100% MVC (for study 1, average r values for index, middle, ring, and little fingers were: 0.947 Ϯ 0.022, 0.975 Ϯ 0.011, 0.960 Ϯ 0.020, and 0.965 Ϯ 0.021, respectively). Figure 3 shows the data from study 1, in which all the non-test fingers were taped in flexion. The resting twitches were extrapolated from the regression lines. The estimated resting twitches (ERTs) differed significantly between the fingers [F (3,21) ϭ 12.99; P Ͻ 0.001; Fig. 3A ]. Post hoc analyses showed that the ERT of the index finger (6.1 N) was significantly lower than the ERT of the middle (14.6 N; P ϭ 0.001; Bonferroni corrected) and little fingers (9.0 N; P ϭ 0.021); the ERT of the middle finger was larger than that of the little finger FIG. 2. Superimposed twitches (SITs) in an individual subject and the estimation of the resting twitch and calculation of voluntary activation (VA). A: contractions were performed in sets. An MVC was followed by 3 submaximal contractions at different force levels. SITs were evoked using TMS (arrows) during each contraction and a stimulus delivered at rest. The order of submaximal contractions was pseudorandom. There were 6 force levels and each level was performed 3 times. In this example, the force levels were 50, 20, and 10% MVC. Usually, SITs increased with decreasing submaximal contraction force levels, until about 20 to 30% MVC (see also B and C). B: the average SITs for the subject in A are shown for contractions at (a) 100% MVC, (b) 90% MVC, (c) 70% MVC, (d) 50% MVC, and (e) 30% MVC. The SITs are smaller with larger contraction strengths. C: twitch amplitude during contraction was plotted against the contraction force (both as % MVC) for 4 fingers from another subject. Linear extrapolation was used to estimate the resting twitch (arrows; ERT: estimated resting twitch). The data plotted here show linear relationships from 10 or 20% MVC to 100% MVC. VA was calculated during maximal efforts (circled) as [(1 Ϫ SIT MVC )/ERT] ϫ 100%. 3. Average estimated resting twitch sizes, MVC forces, twitch/MVC ratios, and VA. The group means Ϯ SE (n ϭ 8) for each finger are shown for estimated resting twitches, MVC forces, twitch/MVC ratios, and VA. Significant differences (P Ͻ 0.05) between fingers are indicated with a line between those fingers and an asterisk. ERTs were biggest in the middle finger and smallest in the index. The middle finger showed the highest MVC, index and little fingers the lowest. In case of the twitch/MVC ratio, the index finger has an asterisk because it is different from the other 3 fingers. The ratio of twitch force to MVC was similar for the other fingers. VA of FDP for all fingers was roughly 92%, with no differences between fingers.
(P ϭ 0.006); the ERT of the ring finger (11.7 N) did not differ from that of the others, probably due to the variability between the subjects.
Besides the differences in twitch sizes, there were also differences in the maximal voluntary contraction forces (MVCs) between the fingers [F (3,21) ϭ 11.12; P Ͻ 0.001; Fig.  3B ]. The MVC produced by the middle finger was higher than that produced by the index and little fingers (P Յ 0.022). The ratio of twitch force to MVC was smaller for index than that for the other fingers (P Ͻ 0.001; Fig. 3C ). The ERTs were used to calculate VA.
Maximal VA of the FDP compartments with the non-test fingers taped in flexion was 92.4 Ϯ 3.8, 92.2 Ϯ 1.2, 90.3 Ϯ 5.3, and 93.0 Ϯ 1.0% for the index, middle, ring, and little fingers, respectively (Fig. 3D) , with no differences between fingers [F (2.34,16.40) ϭ 1.12 (degrees of freedom corrected according to the average of Hyunh-Feldt and Greenhouse-Geisser); P ϭ 0.36].
As expected, extending the non-test fingers to 90°flexion significantly decreased the MVC force on average to 64.5% of the MVC with all fingers fully flexed [F (1,5) ϭ 42.80; P ϭ 0.001; Fig. 4 ; study 3]. Index finger force reduced to 74.8%, middle finger force to 64.6%, ring to 60.1%, and little to 58.5% of the corresponding MVC with all fingers fully flexed. There was no interaction between the position and the fingers [F (3,15) ϭ 1.67, P ϭ 0.216; so all test fingers showed a significant decrease in force when the non-test fingers were flexed at 90°c ompared with fully flexed]. When the non-test fingers were positioned at 90°, maximal VA of the FDP compartments was 85.1 Ϯ 4.6, 87.2 Ϯ 9.6, 90.7 Ϯ 5.0, and 94.0 Ϯ 5.6% for the index, middle, ring, and little fingers, respectively ( Fig. 5; study 2) . These VA values were not significantly different from those when all the fingers were fully flexed [F (1,5) ϭ 4.61; P ϭ 0.085]; however, there was a difference between the fingers [F (3,15) ϭ 3.53; P ϭ 0.041]. This seemed to be caused by the low VA level of the index finger flexed at 90°, although there was no significant interaction between finger and position to support this difference [F (3,15) ϭ 2.46; P ϭ 0.103].
We also calculated the VA during the submaximal contractions in studies 1 and 2 (with all fingers fully flexed and with the non-test fingers at 90°). Each finger showed a strong linear relationship between voluntary activation and contraction force for contractions between 30% and 100% MVC (Fig. 6) . The relationships for all fingers, but the index, were almost superimposed on the line of identity.
D I S C U S S I O N
This study demonstrates that voluntary activation (VA) of the four individual compartments of the flexor digitorum profundus (FDP) can be measured using TMS, in a setup in which other muscles cannot contribute to the fingertip flexion force. Despite differences between the fingers in MVCs and estimated resting twitch (ERT) sizes-and contrary to our hypothesis-maximal VA of the four fingers was similar (ϳ92%) when all fingers were fully flexed during the measurements. Positioning the non-test fingers at 90°reduced the force produced by the test fingers and it increased the variability in performance both within and between subjects, probably due to anatomical differences. However, it did not significantly change VA.
For nearly all fingers tested, there were inverse linear relationships between the strength of voluntary contraction and the size of the superimposed twitch evoked by TMS. However, for 2 of 32 fingers we did not find linear relationships (r Ͻ0.9), so we were unable to estimate the resting twitch. A possible reason for the lack of a linear relationship is coactivation of other muscles. If the PIP joint was not fully flexed during testing, activation of flexor digitorum superficialis, which flexes this joint, would contribute to both voluntary force at the fingertip and that evoked by cortical stimulation. A variable contribution from nontarget muscles would result in different superimposed twitch amplitudes and nonlinearity. Despite these exceptions, we showed linear relationships between voluntary force and the superimposed twitch from 30% (sometimes even lower) to 100% MVC in all subjects. This means that voluntary activation for each compartment of this muscle can be estimated using TMS both in moderate and in strong contractions.
There are two interesting aspects to the value obtained for the ERT. First, relative to MVC, the ERTs are relatively high for the finger flexor compartments compared with the elbow (Todd et al. 2003 (Todd et al. , 2004 and wrist flexors (Lee et al. 2008) . The absence of any antagonist forces at the fingertip may contribute to this. Second, the ratio of the ERT to MVC was lower for the index finger than that for the other fingers. This is unlikely to reflect a difference in proportion of muscle fiber types across FDP (Johnson et al. 1973 ; for macaques, see Maurer et al. 1995) . However, it may be related to the greater mechanical "independence" of the index finger compartment, with greater intercompartment transmission of twitch forces among the middle-ring-little parts of the muscle. The nature of this mechanical interaction remains to be determined.
As expected, voluntary activation increased with increasing contraction strength, reaching Ͼ90% during maximal voluntary efforts (Fig. 6) . At 90 -93%, the maximal level of voluntary activation of each of the four compartments of FDP is comparable to that of other muscles estimated using TMS (elbow flexors: ϳ94%; wrist extensors: ϳ95%; knee extensors: ϳ92%; Lee et al. 2008; Sidhu et al. 2009; Todd et al. 2003 Todd et al. , 2004 . Although activation of FDP might seem slightly low compared with that of the other upper limb muscles, the measurements for all other muscle groups are likely to overestimate voluntary activation because there will be some antagonist contribution that reduces the amplitude of the superimposed twitch (Todd et al. 2003) . For two intrinsic hand muscles, voluntary activation has been measured using periph- Herbert and Gandevia 1996; Szubski et al. 2007 ). Because of nonlinearities in the relationship between voluntary force and voluntary activation at high forces measured with peripheral nerve stimulation, it cannot be directly compared with that measured with TMS (Allen et al. 1998; De Serres and Enoka 1998; Todd et al. 2003) . Thus despite strong corticospinal projections to intrinsic hand muscles (e.g., Phillips and Porter 1977; Porter and Lemon 1993) , activation of adductor pollicis was low compared with that of the elbow flexors (96.8%) measured with peripheral stimulation in the same subjects (Herbert and Gandevia 1996) . It is not clear why some muscles are less able to be driven fully than others. One suggestion is that muscles with a high proportion of fast-twitch fibers need higher levels of input to the motoneurons to recruit all of their high-threshold motoneurons and make them fire at the high required rate (Behm et al. 2002) . However, this is unlikely to be the full explanation because adductor pollicis has a low proportion of fast-twitch fibers but has comparatively poor activation (Johnson et al. 1973) .
For FDP, maximal activation was not significantly different between the fingers. Although the index finger is used most independently compared with other fingers (e.g., Ingram et al. 2008) , maximal drive to the index compartment of FDP was not higher than that to the other compartments. Because subjects were not instructed on any strategy to produce maximal forces but were told to produce only as much force as possible with the test finger, it is likely that there was variability in their approach. Force produced by the non-test fingers was not measured and may have varied, as is evident in various studies of enslavement and force deficit when tasks are performed by multiple fingers (e.g., Yu et al. 2009; Zatsiorsky et al. 1998 Zatsiorsky et al. , 2000 . To reveal an advantage in independence of the index finger may require a more constrained task, in which forces of all fingers are measured and the forces produced by the non-test fingers must be minimized.
Positioning the non-test fingers at 90°flexion lengthens the FDP compartments of those fingers. Due to the biomechanical linkages between the compartments, lengthening the neighboring compartments limits shortening of the compartment of the test finger (see Meijer et al. 2007 ). With full extension of the neighboring fingers, FDP can produce no force about the distal joints of the middle and ring fingers in most people (Gandevia and McCloskey 1976; Garland and Miles 1997; Matthews and Miles 1988) , even though people perceive a movement in the direction of an attempted voluntary effort (Smith et al. 2009 ). In the current study, maximal force of each FDP compartment was significantly reduced with the other fingers extended to 90°flexion at the PIP joint instead of full flexion. Reduction in maximal force varied greatly between subjects and fingers and this reduction presumably depends on their individual anatomy. We expected that forces through the middle and ring fingers, which have two neighboring compartments, would be more affected than forces through the index and little fingers, especially because the index compartment is anatomically most separate from the others in the forearm (Kilbreath and Gandevia 1994) , but this did not occur. Although there was a tendency for a smaller reduction for the index finger force with repositioning of the non-test fingers, this difference did not reach significance. However, little finger forces were consistently reduced.
We expected that central drive to the compartments of FDP would be impaired when the muscle's ability to produce force was mechanically reduced. For the ankle plantarflexors, drive to gastrocnemius is reduced when the knee is flexed and the ability of the muscle to produce torque about the ankle is impaired (Cresswell et al. 1995; Kennedy and Cresswell 2001) . In the hand, drive to FDI changes in concert with its mechanical efficiency in the production of index finger flexion (Hudson et al. 2009 ). However, extension of the non-test fingers from full flexion to 90°flexion did not reduce voluntary activation of FDP. Thus drive to the muscle was not tied to its ability to produce force. The main difference between the current study and other situations in which drive to the muscle appears linked to the muscle's mechanical efficiency (Hudson et al. 2009; Kennedy and Cresswell 2001; see also Butler et al. 2007; De Troyer et al. 2005 ) is that FDP has no synergists in flexion of the fingertip and thus there is no alternative pattern of muscle activation to perform the task.
In summary, although the anatomy of FDP is unusual, its maximal voluntary activation is similar to that of other limb muscles, which act through single tendons. When performing maximal efforts with each finger and with no constraints on the other fingers, subjects have a similar ability to drive each of its four compartments. Biomechanical interactions between compartments can prevent the muscle from producing its full force but this is not exacerbated by a failure of voluntary drive. The development of this new technique to measure voluntary activation of the individual compartments of an extrinsic hand muscle using stimulation of the motor cortex-in the absence of antagonist activation-opens up opportunities to study the coordination of force production within a multitendoned muscle in different tasks over a wide range of forces.
